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ABSTRACT1 "1
"Young domestic swine, si-ianimals per group, were subjected to ,

30 and 501percent hemorrhage of their estimated blood volume over a
one-ho"- period while in a conscious recumbent state. Before and for -
five hours after hemorrhage, hemodynamic functions were measured to
assess the characteristics of spontaneous recovery from hemorrhagic
hypotension. Six additional pigs, treated similarly except for hemor-
rhage, served as controls. Immediately after 30.percent hemorrhage,
arterial mean, systolic, and diastolic blood pressures were 79, 104,
and 59 mm Hg, respectively. During the S-hour recovery period, these
pressures reverted to 105, 129, and 81 mm Hg which were nearly the
same as pre-hemorrhage values. Heart rates were unaltered by hemor-
rhage but increased slightly during recovery. Pulse pressure was not
significantly affected by hemorrhage or recovery, while hematocrits
declined during and following blood loss. After 50A Opar hemorrhage,
arterial mean, systolic, and diastolic pressures were 46, 79, and
26 mm Hg, respectively. During the recovery period these pressures
rose to 81, 104, and 62 mm Hg; all of these values remained signifi-
cantly below pre-hemorrhage values. Pulse pressure increased signifi-
cantly during the recovery period, while hematqcrits decreased to an
even greater degree than those in the 30/peiit group. Heart rates
were not significantly changed following 50, pereent hemorrhage, but
rose markedly during the first 4 hours of the recovery period.,In
both hemorrhage groups spontaneous recovery was associated with a pro-
gressive decrease in hematocrit which reflected a transfer of inter-
stitial fluid to the circulation.
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PREFACE

This is the third in a series of reports on the physiological re-
sponses of the conscious domestic pig to severe hemorrhage. The first
report dealt with chronic catheterization procedures, the second with
heart rate and arterial pressure responses to 50 percent blood volume
loss. The next report will be concerned with changes in blood gas and
acid-base status during recovery from 30 and 50 percent blood volume
loss.

We wish to express our appreciation for the conscientious and dedi-
cated technical assistance provided by Marshall F. Jones, SFC; Maria V.
De La Cerda, SSG; Robert J. Hughes, PFC; David Weber, SP4; and Nancy J.
Champagne, SP4, in the surgical preparation of the animals, and Diane
G. Arevalo for their care during all phases of the study. We also
would like to thank Virginia L. Gildengorin, PhD, for the invaluable
assistance she provided in developing the experimental design, statis-
tical evaluation of acquired data, and preparation of graphic informa-
tion. Lastly, we are highly indebted to Ann L. Wilkinson for the
innumerable hours she spent in typing, proofreading, and assembling the
manuscript, and to Lottie B. Applewhite for the many editorial and
format improvements incorporated in this report.
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In a previous report (1), we described the heart rate and arte-
rial pressure changes which occurred in young conscious pigs subjected
to 50 percent hemorrhage of the estimated blood volumes. All eight of
the animals used in that study showed signs and symptoms of shock during
the latter stages of the bleeding procedure, including reduced arterial
mean, systolic, and diastolic pressures, nausea, and in most instances,
vomiting. Yet, subsequent to the bleeding procedures, all eight of the
animals recovered spontaneously without replacement of the lost blood
or other interventions. They were awake, alert, and hungry 24 hours
later. In the present report, the heart rate, hematocrit, and arterial
pressure changes associated '-' Ith the first 5 hours of spontaneous re-
covery from 30 and So percent hemorrhage are described. Insofar as can
he determined, all of these functional variables have not been studied
previously in conscious swine.

NII:II Ous

Eighteen young domestic swine, both barrows and gilts, were used
in this study. They were obtained from a commercial hog farm (J.G.
Boswell, Inc., P.O. Box 457, Corcoran, CA 93212) and were housed
within an indoor laboratory facility for at least one week prior to
experimental use. They were fed a commercial ration (Purina Pig Chow)
and received water ad libitum.

At the time of experimental use, the pigs were distributed into
three groups, each containing six individuals; one group served as
controls, another was subjected to 30 percent hemorrhage, and the third
was subjected to 50 percent hemorrhage. A chronic carotid artery
catheter was implanted in each animal, as described previously (2),
and 7 to 10 days were allowed for recovery from surgery. At the end of
this time, each animal to be studied was fasted overnight and brought
into the laboratory in a small mobile cage. Bedding material was pro-
vided, and after the animal voluntarily assumed a recumbent position
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the carotid artery catheter was connected to a one-foot pressure moni-
toring/injection line (Cobe Laboratories, Inc.). The latter had been
fitted prcvioul y with a three-way plastic stopcock (Pharmaseal , Inc.
and filled with heparinized saline (500 units/ml). Residual blood and
heparinized saline were then aspirated from the catheter and the entire
system was filled with fresh heparinized saline (10 units/ml). There-
after, the stopcock was connected to a three-foot pressure monitoring/
injection line (Cobe Laboratories, Inc.), previously filled with hep-
arinized saline and this, in turn, was connected to a Statham P23 Db
pressure transducer. The transducer was mounted to a ring stand and
was positioned at heart level.

After at least 30 minutes of unrestrained recumbent rest, three
sets of baseline control values for heart rate, systolic, diastolic,
pulse, and integrated mean arterial pressure were obtained at ten-
minute intervals. At these same points, a blood sample was removed
for hematocrit determinations with a Clay-Adams microhematocrit centri-
fuge. The average control value for each variable was subsequently
calculated; no statistically significant time-related change in any of
these variables was noted during the control period.

Immediately after completion of the baseline control measurements,
the bleeding procedure commenced in the pigs that were subjected to
30 or 50 percent hemorrhage. As previously described (1), total blood
volume was estimated by the von Engelhardt regression equation (3);
the relationship of blood volume to body weight dictated by this equa-
tion is illustrated in Figure 1.

80-
Porcine Blood Volume

79

78

77-

76

75 I
15 20 25 30

Body Weight 1kgl

lI ( 'r( I. Blod volume of yotng domestic swine as estimated by the von Ingclhardt regression
Iqii tim, Ordioatc in milliiters per kilogram.
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The rate of blood removal in the hemorrhaged animals was gauged arbi-

trarily to an exponential scale such that 10 percent increments were
removed uniformly from the pressure monitoring line with a 50 ml syriulge
over successive periods of 17, 20, and 23 minutes in the 30-percent
hemorrhaged group, and over 9, 10, 11.5, 13.5, and 16 minutes in the
50-percent hemorrhaged group (Figure 2). In both groups, therefore,
hemorrhage was completed in 60 minutes. Subsequent to the baseline
control measurements, animals in the control group were maintained un-
disturbed for a period of one hour.

2.0. Hemorrhage
Schedule

1.9

30%

1.7
0 10 20 30 40 50 60

Minutes

I,'eure 2. one-hour hemorrhage schedule for removal of 30 percent or 50 percent of the estimated
blood volume. Ordinate in log percent of initial estimated blood volume.
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Plivo io logic compensations, in terms of changes in hematocrit,

heairt rate, systolic, diastolic, and mean arterial pressure were fol-

lowed over a 5-hour period subsequent to hemorrhage. Measurements were

thus made at 0, 30, 60, 120, 180, 240, and 300 minutes post-hemorrhage.

The control group of animals was similarly followed to assess the im-

pact of potentially confounding diurnal changes in any of the measured

variables. Recovery from hemorrhage, successful or not, was ascer-

tained visually 24 hours after the hemorrhagic episode.

The data obtained from all three experimental groups were initi-

ally evaluated with two-factor analyses of variance. Subsequently,

two-factor analyses of variance were applied to pairings of the experi-

mental groups. Finally, single-factor analyses of variance were ap-

plied for the time variable. Statistical significance was assumed

when P < 0.05.

RESULTS

Table i summarizes data on animal body weights, estimated blood

volumes according to the von Engelhardt equation (3), and the blood

volumes removed to achieve 30 and 50 percent hemorrhage. On the aver-

age, the hemorrhage groups had a lower body weight and, hence, tended

to have somewhat smaller estimated blood volumes but higher relative

volumes (per kg body weight) as compared to the control group. None

of these differences, however, achieved statistical significance and,

prCsumabtv, had no effect on the outcome of the various measurements.

During alemorr coe, 6 h pigs in the 50-percent group becomT'

naluseous :1c, v0,Tit,'dj :-hortly after blood loss exceeded 40 percent.

These effects were not seen in any of the pigs in the 30-percent group.

Whether nauseous or, not, all of the hemorrhaged animals were distinctly

lethargic and refractory to exogenous stimuli upon completion of the

bleeding procedure, and those characteristics persisted throughout the

5-hour recovery period. All of the pigs survived the hemocrhage p,-

cedure and were alert 24 hours subsequently.

Table 2 summarizes the two-factor analyses of variance evaluations

which were applied collectively to all three groups of animals. With

two exceptions, the major effects and interactions for the experimental

variables showed statistically significant (P < 0.05) effects. The

exceptions were group heart rates which had a P value of 0.058 and

pulse pressures which had a P value of 0.153.

Table 3 summarizes the two-factor analyses of variance evaluations

which were applied to group pairs: control and 30-percent hemorrhage,

control and 50-percent hemorrhage, and 30-percent and 50-percent hemor-

rhage. Again, a preponderance of the comparisons revealed significant

main effects and interactions. These evaluations showed significant

differences in group heart rates when animals subjected to 30- and
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Table 1. Body weight, estimated blood volume, and hematocrit blood
loss

Body Wt. Blood Volume Hemorrhage
Pig No. (kg) ml ml/kg ml mI/kg

Control

12 20.5 1583 77.3
19 20.9 1615 77.2
25 25.0 1908 76.3

30 29.1 2198 75.5
32 25.5 1940 76.1
35 28.2 2134 75.7

Mean 24.3 1895 76.3
SEM ±1.36 ±1.04 ±0.31

30% Hemorrhage

18 20.0 1550 77.5 465 23.2
27 22.3 1713 76.8 514 23.0
28 24.5 1876 76.6 563 23.0

31 29.1 2198 75.5 659 22.6
34 25.9 1973 76.2 592 22.9
37 21.4 1648 77.0 494 23.

Mean 23.9 1826 76.6 548 23.0
SI:M ±1.36 - 97 ±0.28 _+29 t0.08

50% Hemorrhage

10 20.3 1580 77.8 790 38.9
21 20.5 1583 77.2 791 38.6
24 21.8 1680 77.1 840 38.5

29 28.2 2133 75.6 1067 37.8
56 22.7 1746 76.9 873 38.5
39 23.2 1778 76.6 889 38.5

Mean 22.8 1750 76.9 875 38.5
SIFM 11.18 t84 ±0.30 42 '0.I5

5 .,- C.



Table 2. Two factor analysis of variance summary: three groups

Measurement Group Ra Time G x

Heart rate 3.45 6.69* 2.95*

Ifematocrit 10.06* 63.00* 15.79*

Mean arterial pressure 30.69* 42.53* 16.32*

Systolic pressure 28.96* 27.37* 10.35*

Diastolic pressure 2:3.92" 40.23* 18.18*

Pulse pressure 2.14 4.13 2.74*

*Indicates a significant (P < 0.05) effect: Groups, F2 ,1 5 = 3.68;

Time, F7 ,10 5  2.09; G x T, F 14 ,10 5 = 1.78.
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Table 3. Two factor analyses of variance summary: group pairs

F Ratio

Measurement Pair Group Time G x T

C x 30 0.01 2.06 2.77*
Heart rate C x 50 3.88 4.39* 4.81*

30 x 50 6.38* 7.73* 1.46

C x 30 12.91* 24.71* 22.32*
Ilematocrit C x 50 13.65* 19.71* 27.29*

30 x 50 0.46 77.37* 1.45

C x 30 4.15 6.86* 10.66*
Mean arterial pressure C x 50 102.53* 44.31* 58.79*

30 x 50 25.94* 53.51* 3.81*

C x 30 3.37 4.96* 8.52*
Systolic pressure C x 50 55.24* 22.18* 28.53*

30 x 50 35.24* 31.78* 2.86*

C x 30 5.41* 4.41* 8.21*
Diastolic pressure C x 50 110.70* 48.35* 64.58*

30 x 50 20.26* 54.48* 7.30*

C x 30 2.39 0.95 2.12*

Pulse pressure C x 50 3.86 3.70* 3.20*
30 x 50 0.27 4.71* 2.57*

*Indicates a significant effect (P < 0.05): Group F1 ,10 = 4.96;

Time, F7,7 0 = 2.14; G x T, F7,7 0 = 2.14.

7



50-percent hemorrhagc were compared but, again, no significant betwecn
,.roup differences in pulse pressures were observed.

In view of the numerous group, time, and interaction effects that
were statistically significant, the time factor for each experimental
variable was evaluated with single-factor analysis of variance. The
results of this evaluation are summarized in Table 4. The significant

Table 4. Single factor analysis of variance summary for time.

Measurement Group F Ratio

Control 0.77
Heart rate 30% hemorrhage 3.07*

50% hemorrhage 5.27*

Control 1.72
Itematocrit 30% hemorrhage 38.37*

50O hemorrhage 40.08*

Control 1.62
Mean arterial pressure 300 hemorrhage 10.23*

50o hemorrhage 81.00*

Control 1.89
Systolic pressure 30% hemorrhage 7.82*

50% hemorrhage 35.25*

Control 1.86
Diastolic pressure 30% hemorrhage 7.61*

50% hemorrhage 111.82*

Control 0.52
Pulse pressure 30% hemorrhage 2.24

50% hemorrhage 4.06*

*Indicates significant (P < 0.05) effect: F7 ,3 5 
= 2.29.

time effects were limited to the two hemorrhage groups; no statisti-

cally significant changes were observed in the control group measure-
ments. Only one measurement in the hemorrhaged pigs, pulse pressure

8

.1
• _ * , .. .. ... ...... .. ... . . . .... . - . .... . . . .. : . . . .. .- . .. . .



in the 30-percent group, fai led to achieve statist ical sign i ficance at
1)~ 0.05, but even in this instance, the F ratio had a P1 value of' 0.054.

hleart rate changes during and following hemorrhage are indicated
in Figure 3. Both hemorrhage groups tended toward bradycardia, rela-
tive to control values, during the early stages of the recovery period.

28-

26-

24-

20- Arterial Hematocrit

18

140r 0

110 3030

1004

L .1

0 1 2 3 4 5 6 7
l-Cont.-4- Hem.: P Recovery

HOURS

Fixte',, J. lFffccts of 30 percent and 50 percent blood volume loss on the arterial hemnarocrit and
heart rates of conscious young domestic swine. C refers to control animals (N=6 pigs
per group). Ordinate values in percent red cells (hematocrit~and mim lig (heart rate).
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These tendencies, however, were not statistically significant. As the
recovery period progressed, progressive tachycardia was observed in
the hemorrhaged animals, with the response being significantly more
pronounced in the 50-percent group than in the 30-percent group. 'lat-
teau levels of tachycardia were reached at 180 minutes in the 50-per-
cent group. The more pronounced response in the 50-percent group
contributed to the significant time-x-group interaction indicated in
Tables 2 and 3. The lack of significant change with time of the con-
trol group also contributed to this interaction.

Ilematocrit decrements during the hemorrhage and recovery period
are shown in Figure 3. Significant effects occurred in both the 30-
and 50-percent groups during the bleeding episode itself, and these
effects became progressively and significantly more pronounced during
the recovery period. The changes were particularly marked over the
first hour after hemorrhage, especially during the first 30 minutes.
The total magnitude of the hematocrit decrement in the recovery period
was surprisingly similar in the two hemorrhage groups. In fact, sig-
nificant differences between the two groups were only seen at the latter
stages. The statistically significant group-x-time interaction was at-
tributable to the progressive hematocrit decrements in the hemorrhaged
groups relative to the unchanged values in the control group.

The response characteristics of arterial mean, systolic, and dia-
stolic pressures to 30 and 50 percent blood loss had a number of
features in common (Figure 4): all three measurements showed a signif-
icant decrease as a result of the hemorrhage episode; all showed this
decrement to be significantly more pronounced in the S0-percent than
in the 30-percent group; all showed a significant, progressive increase
during the recovery period, an effect that was responsible also for the
highly significant interactions that were observed (Tables 2 and 3);
and finally, all three showed at the end of the recovery period values
that remained significantly depressed in the case of the 50-percent
hemorrhage group, but no different from control values in the case of
the 30-percent hemorrhage group. In terms of average values (± SEM),
hemorrhage caused the mean arterial pressure to decrease from 115 + 2.7
to 79 f 7 mm lig in the 30-percent group and from 105 ± 2.2 to 46 ± 3.5
nm fig in the SO-percent group. During the same period, systolic pres-
sure decreased from 134 ± 2.2 to 104 ± 5.9 mm Hg, and from 127 ± 2.2
to 79 ± 3.0 mm fig in the 30- and S0-percent groups, respectively, while
diastolic pressure decreased from 89 ± 2.1 to 59 ± 7.2 mm fig and from
85 ' 2.2 to 26 ± 3.0 mm fig. At the end of the 5-hour recovery period
arterial mean, systolic, and diastolic pressures averaged, respectively,
lOS 1 4.3 mm fig, 129 t 1.0 mm Hg, and 81 ± 4.0 mm Hg in the 30-percent
group and 81 1 1.8 mm fig, 104 ± 2.1 mm Hg and 62 ± 1.6 mm fig in the
50-percent group.

Pulse pressure (Figure 4) was not significantly altered (Table 3)
by blood loss or recovery therefrom insofar as the 30-percent hemor-
rhage group was concerned. The SO-percent hemorrhage group, however,

10
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showed a small but statistically significant clevation in pulse pires-
sure following the bleeding episode, i.e., from 42 ± 2.3 to 53 ±
2.0 mill fig. Subsequently, during the recovery period, pulse pressures
in the group regressed toward control levels. This regression, rela-
tive to the unchanged values in the other two groups of animals, was
responsible for the significant group-x-time interaction seen in
Tables 2 and 3.

DISCUSSION

Although the domestic pig is becoming increasingly popular as an
animal model for human-oriented investigations of hemorrhagic shock,
relatively little is known about the hemodynamic compensations re-
cruited by the pig during spontaneous recovery from severe blood loss.
In humans, the capacity for spontaneous recovery may be of prime im-
portance to tost-hemnorrhage survival when resuscitation is not readily
available, for example, in a combat environment. Knowledge about this
capacity, furthermore, may be of importance in the design of clinical
treatment procedures. That swine can spontaneously recover from s,-
vere blood loss is readily attested by post-hemorrhagic studies of
stress ulcer formation (4-9), gastric mucosal blood flow (10) and per-
meability (11,12), pulmonary function (13-15), liver enzymes (16),
blood lactate concentration (17), and serum enzymes (18). Most porcine
studies containing hemodynamic measurements have been conducted under
anesthesia according to either of two procedures. In one, the animal
is bled, usually rather rapidly, to a predetermined level of hypoten-
sion, and this level is maintained by further blood withdrawal or re-
placement for a predetermined time interval during which hemodynamic
or other measurements are made (11,12,14,19,20). In the second pro-
cedure, the animal is similarly hemorrhaged, but at the end of the
predetermined hypotunsive period, all of the withdrawn blood is returned
to the animal (13,15,16,18,21-23). The second procedure, it might be
noted, was first developed by Wiggers (24) and his colleagues, and
later improved by Lamson and De Turk (25). Neither of the procedures
yields data that are directly comparable to the present study; first,
because the use of anesthetics undoubtedly influenced their outcome
(see (1) for references) and secondly, because the question of spon-
taneous recovery in the absence of experimental intervention was not
addressed. Studies incorporating such procedures, nevertheless, have
shown that hemorrhagic hypotension in swine is characterized by in-
creased heart rate (16,18), reduced cardiac output (10-12,13,15,16,18,
20), little or no change in systemic vascular resistance (18), in-
creased pulmonary vascular resistance (13,15), and reduced blood flow
in the gastric mucosa (10,20), the hepatic artery and portal vein (22,
23). None of the foregoing reports, it should be emphasized, provide
data on cardiovascular changes associated with the spontaneous recovery
process.

One report that does contain such data is a study of anesthetized
pigs by Iobler and Napodano (26) in which 10, 20, 30, or 40 percent

12



of the estimated blood volume was removed over a 30-minute period;
total blood volume was assumed to be 6.5 percent of body weight, a
value somewhat lower than that predicted by the von Engelhardt (3)
equations for pigs of the size used in the study. Following hemorrhage,
the pigs were left untreated in a so-called shock period for 2 hours,
after which all of the hemorrhaged blood was returned to the circula-
tion. During the shock period, mortality rates of 17, 66, 66, and
87 percent, respectively, were observed in the groups subjected to 10,
20, 30, and 40 percent hemorrhage. This observation, in contrast to
the present study in which all animals survived, would seem to demon-
strate the deleterious effects of anesthesia insofar as spontaneous re-
covery from hemorrhage is concerned. The surviving pigs in flobler and
Napodano's study (26), furthermore, showed a progressive decline in
mean arterial pressure and a sustained depression of cardiac output.
It was only with the reinfusion of lost blood that the functional vari-
ables improved.

Included among the few studies of conscious pigs, Simon and Olsen
(27) measured mean arterial pressure immediately after removal of 10,
20, 30, and 40 percent of the estimated blood volume and, by means of
the Sapirstein technique (28), blood flow to various tissues in separ-
ate groups of pigs 30 minutes after 20 and 40 percent blood volume loss.
Simon and Olsen (27) also used a lower value for the estimated total
blood volume than that based on the von Engelhardt equation (3). The
changes they reported for mean arterial pressure, therefore, cannot be
readily compared to those reported here, but it would appear that hem-
orrhage in Simon and Olsen's study (27) had a much more profound effect
than that observed in the present investigation. Possible reasons for
this divergence of results are also discussed elsewhere (1). In their
measurements of tissue blood flow, Simon and Olsen (27) showed that
40 percent hemorrhage (equivalent to about 32 percent by the von
Engelhardt equation) had no effect on the fractional distribution of
the cardiac output to the lung, myocardium, kidney medulla, liver,
small or large intestine, although absolute flow (unmeasured) was pre-
sumably reduced in proportion to the decrement in cardiac output (also
unmeasured). Forty percent hemorrhage caused a 40 to 56 percent reduc-
tion in the fractional flow to the kidney cortex, various stomach tis-
sues, skin and muscle, but a 108 percent increase in the fractional
flow to the adrenals. In their 20-percent hemorrhage group (equivalent
to about 16 percent by the von Engelhardt equation) only the stomach
tissues showed a change in fractional flow, a 32 to 38 percent reduc-
tion. In companion papers, Simon and Olsen also demonstrated that the
fractional distribution of cardiac output following hemorrhage was
altered significantly by pentobarbital anesthesia (29) or by pretreat-
ment with the vasopressor, metaraminol (30). None of the foregoing
reports, unfortunately, were designed to characterize the progressive
hemodynamic changes associated with spontaneous recovery from honor-
rhagic hypotens ion.

Some data on spontaneous recovery in conscious swine are found in
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the report of Orringer and Carey (17) who measured mean arterial pres-
sures to 30-40 percent blood (exact hemorrhage time interval and amount
were unspecified) one day after general anesthesia for surgical implan-
tation of catheters. During hemorrhage, their animals showed a drop
in mean pressure from 112 to 44 mm 11g. This change is comparable to that
seen in the 50-percent hemorrhage group of the present study. Over a
90-minute spontaneous recovery, Orringer and Carey (17) recorded a
slow increase in mean arterial pressure to 81 mm 11g, a value that was
achieved after approximately 30 minutes in our 30-percent group and
after 5 hours in our 50-percent group. The greater apparent post-hem-
orrhage decrement seen in Orringer and Carey's study (17) could have
been due to more rapid blood loss or to a carry-over of anesthetic/sur-
gical effects from catheter implantation to the hemorrhage and post-
hemorrhage measurements.

To the best of our knowledge, the only other investigation involv-
ing hemodynamic measurements in conscious swine was contained in a study
of myocardial glucose utilization reported by Stremple et al (31).
These investigators, however, used pentobarbital anesthesia for the in-
sertion of catheters, after which the animals were placed in a Pavlov
sling and allowed 4 hours to recover from anesthesia before being sub-
jected to 40-percent hemorrhage over a 10-minute period. Ilemodynamic
variables were measured before and for 40 minutes after hemorrhage.
Treatments included post-hemorrhage infusions of 25 percent mannitol,
50 percent glucose, or 50 percent glucose with insulin. Measurements
in their untreated (control) animals showed that the post-hemorrhage
period was characterized by a decreased cardiac output, stroke volume,
and mean arterial pressure, a decrease followed by an increase in total
systemic resistance, and little, if any, change in heart rate. Two of
the 6 animals contained in this group died before the 40-minute obser-
vation period was completed, and eventual mortality was 100 percent.
Such mortality figures indicate that the hemorrhage procedure used by
Stremple et al (31) was much more severe than that employed in the
present study. At least three experimental varibles could account for
this difference. Hemorrhage was conducted over a much briefer time in-
terval in the study of Stremple et al (31) than in the present investi-
gation, hence, their animals had far less opportunity to benefit from
any compensatory responses that might have occurred during the bleeding
period. The nature and impact of one of these compensations, transfer
of interstitial fluid to the circulation, will be considered in a
later section. A second variable would be the use of anesthesia 4 hours
before hemorrhage, while a third would be the use of a Pavlov sling to
physically restrain the animals during study. Thus, there could have
been carryover effects of pentobarbital to the conscious state or emo-
tional stress associated with physical restraint. Evidence that the
second or third variable may have been operative is seen in the heart
rate measurements reported by Stremple et al (31). Their pre-hemor-
rhage values averaged 169 beats per minute in one group of pigs and
176 in another group. Both of these averages are markedly higher than
the mean pre-hemorrhage values (100 to 108 beats per minute) recorded
in the present investigation.
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As blood pressure is decreased following hemorrhage, interstitial
fluid is transferred to the vasculature, thus compensating, at least
in part, for the volume loss. This effect, as first described by
Starling (32), occurs because plasma osmotic pressure exceeds capillary
hydrostatic pressure. Starling (32) attributed the osmotic effect to
plasma protein. Later investigators (33), however, showed that hemor-
rhage not only caused a decrease in arterial pressure but also caused
an activation of sympathetic vasoconstrictor activity which reset the
pre/postcapillary resistance ratio and further decreased the capillary
hydrostatic pressure. In addition, hemorrhage-induced hyperglycemia
has been shown (34) to cause an increase in plasma osmotic pressure
which enhances fluid transfer to the circulation. These compensatory
responses are activated well within the first hour after hemorrhage
(34-36), and can markedly influence the degree of hemorrhage that can I
be tolerated without fatal consequences; the slower the rate of bleed-
ing, the greater the amount of blood that can be lost (37,38).

The operation of these compensatory factors was clearly evident in
the present investigation. During the one-hour hemorrhage period, the
average hematocrit decreased from 26.5 to 25.2 in the 30-percent group
and from 27.0 to 2S.0 in the 50-percent group (Figure 1). Plasma glu-
cose values increased 19.3 and 82.9 percent in the two groups, respec-
tively (unpublished results).

Aside from accounting, at least in part, for the improved hemor-
rhage tolerance of the pigs used in the present study, relative to those
used by Stremple et al (31), the hematocrit reduction during hemorrhage
also indicated that the actual blood volume reduction was less than the
30 or 50 percent supposedly removed. Is it possible to estimate what
the actual decrements were? At first approximation, if it is assumed
that 30 percent or 50 percent of the circulating red cell volume was
removed by hemorrhage and that hematocrit decrement is entirely due to
an influx of interstitial fluid, then the amount of influx in relative
terms can be calculated by rearrangement of the following equation:

RCV (I)
RCV + PV

Where lict refers to hematocrit, RCV is circulating red cell volume and
PV is plasma volume. Rearrangement to solve for plasma volume yields:

PV = RCV (1-1lct) (2)Itct

Thus, if the initial blood volume (BV) of the 30-percent hemorrhage
group is assigned a normalized value of 100 and the hematocrit, as
measured, is 0.265, then the normalized RCV volume would be 26.5 and
the normalized PV would be 73.5. Immediately after hemorrhage, RCV
would be (0.7)(26.5) or 18.55, and upon inserting this value and a
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measured hematocrit of 0.252 into equation 2, PV would be 55.00 while

BV would be 18.55 plus 55.06 or 73.61. In short, this first approxi-
mation predicts that 26.4 percent, not 30 percent, of the initial BV

was removed by the hemorrhagic procedure. Similar calculations with

the 50-percent group would predict a BV reduction of 46 percent.
Actually, these predicted decrements probably overestimate the true

blood loss because during hemorrhage the influx of interstitial fluid

dilutes the red cells, hence reduction in RCV would be less than the

30 or 50 percent assumed. If, therefore, it is further assumed that

the dilution effect is similar for both plasma and red cells, then a

second and presumably closer approximation of the post-hemorrhage RCV

would be:

Predicted PV x assumed RCV
Assumed PV

or for the 30 percent group:

55. 06

RCV = (73.5)(0.7) x (0.7)(26.5) = 19.85

Insertion of a rounded PV value of 19.9 into equation 2 would yield a
revised post-hemorrhage PV of 59.1 and blood volume of 79.0. Similar

estimate revisions for the 50-percent hemorrhage group yield a post-
hemorrhage RCV value of 15.0, a PV of 45.0, and a BV of 60.0. These

second estimates, therefore, would predict blood volume decrements of
21.0 percent and 40.0 percent, respectively, instead of 30 percent and

50 percent for the two groups of hemorrhaged pigs.

Equation 2 can also be used to predict the relative magnitude of

interstitial fluid influx, hence the relative magnitude of the plasma
volume and blood volume compensations during spontaneous recovery from

hemorrhage. These predictions possess a greater degree of certainty

since they are based on the relatively safe assumption that RCV does
not change materially once the hemorrhage procedure is complete. If

the foregoing estimates of PV, RCV, and BV are used as starting points,
Table 5 summarizes the relative values that would appear for the 30-per-

cent group over the course of the recovery period. A similar summary

for the 50-percent group is contained in Table 6. It is obvious from

both of these tables that spontaneous recovery from hemorrhage occurs
quite rapidly and involves significant transfer of interstitial fluid
to the circulation.
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Table 5. Predicted normalized values for red cell volume, plasma vol-
ume, and blood volume during hemorrhage and recovery of
swine subjected to an assumed 30% reduction in blood volume.

Time Hct RCV PV BV ABV

Controls 0.265 16.5 73.5 100 0

0 0.252 19.9 59.1 17.0 21.0

30 0.236 19.9 64.4 84.3 15.7

60 0.228 19.9 67.4 87.3 12.7

120 0.227 19.9 67.8 87.7 12.3

180 0.220 19.9 70.6 90.5 9.5

240 0.212 19.9 74.0 93.9 6.1

300 0.213 19.9 73.5 93.4 6.6

The following abbreviations were used: HCT - hematocrit; RCV - red
cell volum; PV - plasma volume, BV - blood volume.
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Table 6. Predicted normalized values for red cell volume, plasma

volume, and blood volume during hemorrhage and recovery
of swine subjected to an assumed 50% reduction in blood
volume.

Time Hct RCV PV BV ABV

Controls 0.270 27.0 73.9 100 0

0 0.250 15.0 45.0 60.0 40.0

30 0.233 15.0 49.4 64.4 35.6

60 0.224 15.0 52.0 67.0 33.0

120 0.218 15.0 53.8 68.8 31.2

180 0.212 15.0 55.8 70.8 29.2

240 0.206 15.0 57.8 72.8 27.2

300 0.199 15.0 60.4 75.4 24.6

The following abbreviations were used: HCT - hematocrit; RCV - red

cell volume; PV - plasma volume; BV - blood volume.
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CONCLUS IONS

0 As evidenced by 24-hour survival, conscious young domestic pigs
can successfully compensate for 30 and SO percent loqs-s of estimated
blood volume on the basis of the results reported in the literature,
conscious animals have a far greater compensatory capacity than the
anesthetized animals.

0 Rapid transfer of fluid from the interstitial space to the
vasculature constituted a major compensatory process. It replenishes
blood volume and returns arterial pressures toward pre-hemorrhage val-
ues. Estimates of the magnitude of this transfer over a 5-hour post-
hemorrhage period indicates nearly complete recovery in pigs subjected
to 30-percent blood volume loss and about one-half recovery in pigs
subjected to a SO-percent blood volume loss.

* In view of the similarities in human and porcine compensations
to hemorrhage, it would appear likely that humans can successfully sur-
vive moderately severe blood loss without resuscitative intervention.
if this can be firmly established, it would have a major impact on the
management of certain combat casualties, i.e., those in which blood
loss does not exceed limits compatible with spontaneous recovery.

RECOMMtENDATIONS

e Spontaneous compensations of the conscious pig to severe hemor-
rhage should be described in terms of changes in blood gas and acid-
base status, tissue blood flow, and kinetics of fluid transfer from
the interstitial and intracellular space to the vasculature.

0 Alterations in metabolic status as reflected by oxygen transport
characteristics and blood chemical changes should be delineated during
and following hemorrhage in the conscious pig.

* The critical physiological and biochemical factors leading to
fatalities following massive hemorrhage to the conscious pig should be
described.
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